The strength, hardness and lattice vibrations of two novel superhard carbon allotropies, Z-carbon 
I. INTRODUCTION
Owing to its flexibility of bond hybridization, the element carbon can exist in various forms, such as graphite, fullerenes, nanotubes, diamond. The cubic diamond is the hardest phase as known at present. Since the superhard materials show the significant applications in industry, scientists expect to find a new carbon phase with hardness exceeding that of diamond. The extensive theoretical [1] [2] [3] and experimental 4 studies have been carried out over the past decades. Using high pressure technique, Mao et al. 4 and Kumar et al. 5 obtained respectively new carbon phases which all left a ring crack indentation on the diamond anvils. However, this phase cannot quench to room temperature, rendering it difficult to determine the details about the atomistic structure and related physical properties. Recently, an efficient and reliable methodology for crystal structure prediction, ab initio evolutionary algorithm method [6] [7] [8] , was developed. And a monoclinic C2/m phase (M-carbon) was predicted, 6, 9 which show a good match with the experimental XRD patterns for such cold-compressed graphite. 4, 9 More recently, the body-centered tetragonal bct-C 4 carbon, 10, 13, 14, 15 orthorhombic W-carbon 11 and Z-carbon 12 were also
proposed. M-carbon is stable over cold-compressed graphite above 13.4 GPa, whereas bct-C 4 carbon is stable above 20 GPa. Due to the similarity of their structures, these phases could coexist in high pressure experiments. Although the structures of these phases are determined in theory, 6-9 the mechanical properties and vibrational properties (Raman and IR spectra) of Z-carbon and W-carbon remain large unexplored. In this work, we perform first-principles calculations to investigate the vibrational properties, ideal strength and theoretical hardness of two novel carbon allotropies, Z and W carbon. For comparison, M-carbon and bct-C 4 carbon 10 are also calculated. Elastic calculations demonstrate that they are mechanically stable. Phonon dispersion indicates that Z and W carbon are dynamically stable at least up to 300 GPa. Ideal strength demonstrates that the lowest peak shear stress for Z-carbon is higher than W-carbon, M-carbon and bct-C 4 carbon. The detailed calculations for their hardness are also performed on atomic scale, which help to understand why a ring scratch indentation left on diamond anvils in Mao' s and Kumar's experiments.
II. Computational details
The ground-state, elastic properties and ideal strength are calculated using the projector augmented-wave method 16 employed to describe the electron-ion interaction within density functional theory(DFT), 17, 18 as implemented in the Vienna ab initio simulation package (VASP). 16, 19 For the exchange and correlation functional, the general gradient approximation (GGA) of the Perdew Burke Ernzerhof (PBE) parameterization 20 was used. Integrations over the Brillouin zone were performed using Monkhorst-Pack (use a tetrahedron method for BZ integration）grids. 21 The number of k-points sampling in the Brillouin zone was 0.25 Å -1 for unit cell and the plane-wave cutoff energy was set to 550 eV tested to ensure that the total energies converged to 1meV per atom. Optimization of structural parameters was achieved by the minimization of forces and stress tensors. The elastic constants were determined by applying an appropriate set of distortions with the distortion parameter δ varying between −0.02 and +0.02. Calculations of the lattice vibrations were carried out using the density functional perturbation theory (DFPT) 22 Considering that the bulk modulus can be as a measure of the average bond strength and the shear modulus can be as a measure of the resistance to a change in bond angle by an external force, Tanaka et al. 44 proposed that G/B represents the relative directionality of the bonding in the material. For those carbon phases, the calculated ratio of G 0 /B 0 in rang from 1.04 to 1.15 is slightly smaller than 1.19 of diamond, which indicates that the directionality of the bonding is strong. Moreover, the brittleness and ductility can be estimated by the Frantsevich rule 45 . It is clearly seen from Table II that bct-C 4 carbon posses a much better ductility than diamond. The rigidity for Z-carbon is most close to diamond among the four new carbon phases.
B. Stress-strain response in tension and shear
To understand the strength under plastic deformation at the atomic level occurs by permanent large strain, we carried out the calculations of ideal strength within GGA scheme. Fig. 1(a) shows that the stress-strain relation in <100>, <110>, and <111> directions for diamond. Fig GPa. As shown in Fig. 1 Fig. 4(a) ) in Z-carbon, denoted by red lines in Fig. 4(b) , show high hardness,108 GPa, about 16.14% higher than that of diamond. To understand the high bonding hardness in Z-carbon, we also calculated the electron localization functions (ELF) to distinguish different bonding interactions in Z-carbon. The structure with ELF isosurfaces for Z-carbon is presented in Fig. 5 Table VI. A primitive cell for Z-carbon with eight atoms is used in the calculations. In as much as the primitive cell of Z-carbon containing eight atoms, there should be twenty-four phonon modes at Г point, including three acoustic modes and twenty-one optical modes respectively. The orthorhombic unit cell of W-carbon containing sixteen atoms, there should be forty-eight phonon modes at Г point, including three acoustic modes and forty-five optical modes respectively. The factor group analysis at the Γ point yields twelve optical modes irreducible representations with Raman activity for Z-carbon, as listed in (Fig. 7(b) ).
For the other two carbon allotropes, the characteristic Raman peaks are found located at 881. 7(c) ), and 1086.6 and 1350.5 cm -1 for bct-C 4 carbon (Fig. 7(d) approaches the peak of 1010.5 cm -1 for Z-carbon. The structure of M-carbon contains five-, six-and seven-membered rings, with alternating zigzag and armchair buckled carbon sheets via a one-layer by three-layer slip mechanism, similar to W-carbon. The structure of Z-carbon contains four-, six-and eight-membered rings, can be interpreted as a combination of hexagonal diamond and bct-C 4 carbon. 14 The structural analogy between the M and W phases results in a very similar IR spectra. Their characteristic infrared peaks are more than Z-carbon and bct-C 4 carbon, as shown in Fig. 8 .
V. CONCLUSIONS
The comprehensive studies about the structural, 
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